ABSTRACT
INTRODUCTION
at the end of the breeding season the top layer of nesting material was removed from active 140 nests and searched for additional prey remains. Prey remains were removed or buried to avoid 141 double counting in subsequent searches. We were able to identify 7763 prey items to species 142 level by comparison with reference collections. It was not always possible to differentiate 143 carrion crow (Corvus corone) from rook (C. frugilegus) remains. Therefore crow/rook refers 144 to the abundance of both species in the diet, although rooks were scarce in the study area. We 145 identified and quantified the minimum number of individuals of medium to large prey species 146 by counting skeletal remains, whereas small avian prey (less than 100g) were identified and 147 quantified by plucked feathers. Collecting and quantifying dietary data in this way is likely to 148 underestimate the contribution of small prey items (Ziesemer 1983 ). However, this should not 149 influence the results of our analyses as such items are relatively unimportant to goshawk diet 150 in terms of biomass.
152
Once the proportion of goshawk diet comprising raptors had been calculated for each nest 153 site/year, we examined how it varied in relation to the number of occupied goshawk home-154 ranges (measured as a continuous variable) using generalised linear mixed effect models 155 (GLMM) with a binomial error structure fitted using the lme4 package (Bates et al. 2015) .
156
Goshawk diet has previously been shown to change with altitude, presumably reflecting reservoir). The identity of home-ranges and year were both fitted as random effects to account plots; but they did not reveal any obvious nonlinear relationships, unless otherwise mentioned.
173
Correlograms (with a lag distance up to 10km) were used to check for spatial-autocorrelation 174 in the residuals of the best performing model. However, we found no evidence of spatial-175 autocorrelation in this, nor any other analyses of goshawk diet. whether the proportion of goshawk diet comprising these three raptor species changed with 182 goshawk abundance (measured as a continuous variable) using the same GLMM approach 183 described above. We then used dietary data to estimate the minimum number of each 184 mesopredator species killed each year by goshawks when ≤14, 15-24 and 25+ goshawk home-185 ranges were occupied (for methods see Appendix 2). We used these three goshawk abundance (Petty 1992 , Petty et al. 1994 2015). The number of occupied sparrowhawk territories in a subsection of the study area has 194 been recorded since 1974 (Petty 1979; Petty et al. 1995). 195 196 Assessing food limitation 197 
Declines in important prey

198
To indirectly infer if the goshawk population had become food-limited we assessed whether 199 there had been any decline in the contribution of important prey species/groups in the diet. We Sciuridae), and 'other'. This 'other' group largely consists of passerines but also includes other 213 prey species, which are only occasionally taken. We then estimated both the frequency and 214 biomass contribution of these groups to goshawk diet and examined how the frequency 215 contribution varied in relation to goshawk abundance (measured as a continuous variable) 216 using the same GLMM approach. We were unable to assess whether variation in the proportion 217 of goshawk diet comprised of these different prey species/groups were related to changes in 218 the abundance of these prey species/groups as local population trends were not available.
219
Lastly, because diet diversity had generally been observed to increase in other raptor 220 populations as they became food-limited (Rutz and Bijlsma 2006, Lourenço et al. 2011a ), we 221 also examined how prey diversity changed with goshawk abundance using estimates of the 222 Shannon-Wiener diversity index when ≤14; 15-24; 25+ goshawk home-ranges were occupied.
224
Goshawk reproductive success 225 We also indirectly assessed whether the goshawk population had become food-limited by Table 1 ). The contribution of raptors to goshawk diet increased with goshawk 249 abundance in home-ranges at the two lower elevations bands (≤ 225m and 226-354m). However,
250
there was no significant change in the proportion of raptors in the diet at higher altitudes (e.g.,
251
above 350m), where the contribution of raptors to goshawk diet was highest (Fig. 1a) .
253
Impact on local mesopredator populations
254
Kestrels and tawny owls were both ranked within the 10 most important prey species, both in 255 terms of their frequency and biomass contribution to diet (Table 2 ). Kestrels were the most 256 commonly predated raptor species, representing almost half (49%) of all raptors killed by 257 goshawks (N = 465; Appendix 5). However, this proportion declined from 55% to 39% as the 258 number of occupied goshawk home-ranges increased from <15 to >24 (Appendix 5). Kestrels 259 contributed most to goshawk diet in high altitude home-ranges (Fig. 2a) (Table 3 ). The number of sparrowhawks killed by goshawks was also estimated to increase, increased from <15 to >24 (Table 3) . Despite the estimated increase in predation on both tawny 280 owls and sparrowhawks, there was no evidence to suggest that local populations had declined.
281
That is, there was little interannual variation in the number of occupied tawny owl territories, 
Assessing food limitation
287
Declines in important prey species/groups
Almost half (48%) of all identifiable prey items were pigeons (Appendix 4). Wood pigeon 289 (Columba palumbus) then feral pigeon were the two commonest prey species, irrespective of 290 the number of goshawk home-ranges occupied ( Table 2 ). The proportion of pigeons in 291 goshawk diet declined over the study period as goshawk abundance increased, irrespective of 292 home-range altitude ( Fig. 1b ; Table 4 ). For example, the biomass contribution of pigeons to 293 diet declined from 52% to 40% as the number of home-ranges increased from <15 to >24. This 294 decline in pigeon in goshawk diet appeared to be driven by a decrease in feral rather than wood 295 pigeons. The contribution of pigeons to goshawk diet was lowest in higher altitude home-296 ranges, where moorland habitat predominated (Fig 1b; Table 4 ).
298
Crow/rook, red grouse and rabbit consistently ranked within the top-5 most important prey 299 species, both in terms of biomass and frequency contribution to diet, irrespective of the number 300 of goshawk home-ranges occupied ( Table 2 ). The proportion of corvids and mammals in the 301 diet increased with goshawk abundance (Fig 2c-d) . For example, corvids and mammals 302 comprised 11% and 4% respectively of diet (in terms of frequency) when <15 home-ranges 303 were occupied, but 19% and 8% of diet respectively when >24 home-ranges were occupied 304 (Appendix 4). In contrast, the contribution of game birds (including red grouse) declined as 305 goshawk abundance increased, in all three altitudinal categories (Table 4 ; Fig. 2e ). Although 306 the dietary contribution of corvids and mammals did not vary with altitude, the proportion of 307 game birds (especially red grouse) was noticeably higher for high altitude home-ranges (e.g., 308 above 350m; where moorland habitat is more common). Goshawk diet also became more 309 diverse as goshawk abundance increased, with the Shannon-Wiener diversity index increasing 310 by 24% from 2.1 to 2.6 when the number of occupied goshawk territories increased from being 311 <15 to >24.
Declines in reproductive success
314
Overall the reproductive success of goshawks declined as the number of occupied home-ranges 315 increased. This decline appeared to be driven by both a decline in the average number of chicks 316 fledging per successful breeding attempt and an increase in the number of nesting attempts 317 failing (Fig. 3) . The number of chicks fledging per successful breeding attempt decreased from 318 an average of 2.90 ± 0.24 chicks to 2.29± 0.36 chicks as the number of occupied goshawk 319 home-ranges increased from <15 to >24 (Fig. 3a) . The proportion of successful breeding 320 attempts declined from an average of 0.81 ± 0.18 to 0.58 ± 0.14 when the number of occupied 321 home-ranges increased from < 15 to > 24 (Fig. 3b) . species which are also of conservation concern it could lead to management conundrums for 339 conservation projects aimed at restoring apex predator populations. However, it is important to 340 note that when apex predator populations were reduced or extirpated, many previously It's important to note that our calculations of how many kestrels, tawny owls and sparrowhawks 349 were killed by goshawks each year is not only likely to include breeding birds (i.e. the ones on 350 which local population counts were based) but also non-breeders (e.g., "floaters"), individuals 351 migrating through the study site (in the case of kestrels) and immigrants from neighbouring 352 populations. Nevertheless, the large increase in the number of kestrels being killed each year
353
(from an estimated 14 to 176; Table 3 ) coincided with a decline in the local kestrel population, 354 which is consistent with an increase in goshawk predation having a negative impact upon the 355 local kestrel population. However, the decline in kestrels could also be partly related to other In contrast, local breeding population of tawny owls and sparrowhawks did not decline over 363 the study period, despite the substantial increase in the number killed each year by goshawks 364 (Table 3 ; Fig. 2 ). This suggests that goshawk predation on tawny owls and sparrowhawks is 365 compensatory rather than additive. Indeed, the impact of goshawk predation on the local tawny The increase in diet diversity we observed also indirectly supports the notion that there has 396 been a decline in the availability of important prey, because when such food become scarce,
397
predators are forced to switch to alternative species to make up the shortfall. Indeed, diet 398 diversity was found to be negatively related to the abundance of important prey species for The decline in goshawk reproductive success as goshawk numbers increased (Fig. 3) provided 405 additional and independent evidence that goshawks became food-limited given that goshawk 
Mechanisms underlying superpredation
423
The increase in the proportion of raptors in the diet as goshawk abundance increased (Fig. 1) , 
CONCLUSIONS
451
Here we have provided evidence to show how superpredation varied over time in a recovering 452 population of an apex predator, the northern goshawk. Our results suggest that increasing rates 453 of superpredation were a response to declining food availability (pigeon and grouse) linked to 454 increasing goshawk numbers. Thus, this study offers insights into the mechanisms driving 455 variation in superpredation. We found evidence suggesting that an increase in goshawk 456 predation may be contributing to a decline in the most frequently predated mesopredator,
457
Eurasian kestrels, a species which is also of conservation concern nationally. Thus, our results
458
indicate that superpredation is likely to be an important factor to consider when developing following the extirpation of goshawks, and decline in other larger raptor species in the UK.
464
Thus the results presented here may also offer insights into how other raptor communities will 465 change in areas where goshawks are starting to recover. Lastly, in addition to the direct effect 466 that an increase in predation can have on mesopredator population dynamics by increasing 467 mortality rates, it is also important to consider that recovering superpredator populations may Table 1 . Model selection and parameters for the analysis of variation in the proportion of goshawk diet comprised of all raptor species and also kestrels, tawny owls and sparrowhawks separately. We examined whether diet varied in relation to goshawk abundance (number of home-ranges occupied) and the altitude of the goshawk home-range (e.g., below 225m, between 226-354m and above 355m). The most parsimonious model will have a ∆AICc = 0 and is highlighted in bold. The number of parameters estimated in each model is designated in the np column. AICc weights (W) are an estimate of the relative likelihood of a model. Table 2 . The 10 most important prey species in northern goshawk breeding season diet, ranked in order of decreasing importance in terms of both their frequency in the diet and biomass contribution to diet when the number of occupied goshawk home-ranges was estimated to be less than 14, between 15-24 and 25 or more. Appendix 2: The average number of kestrels, tawny owls and sparrowhawks killed by the goshawk population each year
To estimate the average number of each species killed by the goshawk population each year, we first calculated the average number of each species killed per pair of goshawks, each year when 1-14, 15-24 and 25+ goshawk home-ranges were occupied, using the following equation taken from Petty et al. (2003) .
IK is the estimated number of individuals killed by a pair of goshawks between March and August (184 days). CF = estimated total food consumption of a female goshawk during the breeding season (189g of food per day * 184 days). CM = total food consumption of a male goshawk during the breeding season (133g of food per day * 184 days). The daily food consumption values used for male and female goshawk are the same as those used by Petty et al. (2003) , originally calculated by Kenward et al. (1981) . CY = total food consumption of young goshawks (i.e. offspring) during the breeding season (161g of food per day (CF+CM/2) * 108 days * mean fledged brood size of breeding pairs). The mean fledged brood size of goshawks was 2.19 in years when fewer than 15 home-ranges were occupied, 1.93 when 15-24 home-ranges were occupied and 1.31 when 25 or more home-ranges were occupied. The CY estimate assumes that young goshawks: 1) hatch around mid-May; 2) do not leave their natal territory until August; and 3) that juveniles have the same overall food intake as adults. Although young nestlings require less food than adults, older nestlings require more, such that when averaged over the entire period nestling food intake can be assumed to be equivalent to that of adults. M = average mass of the prey species. We used an average mass of 208g for kestrel (Ratcliffe 1993); 470g for tawny owl and 205g for sparrowhawk (Robinson 2005) . PT = proportion biomass of the prey species in the diet. We used the dietary data to estimate of the proportion biomass of each of the three mesopredator species in goshawk diet for each of the three goshawk abundance categories (i.e. using pooled annual diet data collected when the number of occupied goshawk home-ranges was 1-14, 15-24 and 25+). This average proportion was then used in the above equation to calculate the number of individuals of each species killed during the breeding season by a goshawk pair. To get an estimate of the total number of each species killed each year by the entire goshawk population and how that has changed as the goshawk population increased in abundance, we multiplied our estimate of the number of individuals killed by a pair of goshawks (IK) by the average number of home-ranges occupied by goshawks for each of the goshawk abundance categories. The average number of homeranges occupied in each goshawk abundance category was estimated to be 6.5, 21.75 and 27.38 when 1-14, 15-24 and 25+ goshawk home-ranges were occupied respectively. 
